The evolutionary origin of the pinnipeds (seals, sea lions, and walruses) is still uncertain. Most authors support a hypothesis of a monophyletic origin of the pinnipeds from a caniform carnivore. A minority view suggests a diphyletic origin with true seals being related to the mustelids (otters and ferrets). The phylogenetic relationships of the walrus to other pinniped and carnivore families are also still particularly problematic. Here we examined the relative support for mono-and diphyletic hypotheses using DNA sequence data from the mitochondrial small subunit ( 12s) rRNA and cytochrome b genes. We first analyzed a small group of taxa representing the three pinniped families (Phocidae, Otariidae, and Odobenidae) and caniform carnivore families thought to be related to them. We inferred phylogenetic reconstructions from DNA sequence data using standard parsimony and neighborjoining algorithms for phylogenetic inference as well as a new method called spectral analysis (Hendy and Penny) in which phylogenetic information is displayed independently of any selected tree. We identified and compensated for potential sources of error known to lead to selection of incorrect phylogenetic trees. These include sampling error, unequal evolutionary rates on lineages, unequal nucleotide composition among lineages, unequal rates of change at different sites, and inappropriate tree selection criteria. To correct for these errors, we performed additional transformations of the observed substitution patterns in the sequence data, applied more stringent structural constraints to the analyses, and included several additional taxa to help resolve long, unbranched lineages in the tree. We find that there is strong support for a monophyletic origin of the pinnipeds from within the caniform carnivores, close to the bear/raccoon/panda radiation. Evidence for a diphyletic origin was very weak and can be partially attributed to unequal nucleotide compositions among the taxa analyzed. Subsequently, there is slightly more evidence for grouping the walrus with the eared seals versus the true seals. A more conservative interpretation, however, is that the walrus is an early, but not the first, independent divergence from the common pinniped ancestor.
Introduction
The evolutionary origin of the pinnipeds (true seals, eared seals, and the walrus) has been the focus of considerable debate for over 100 yr (Flynn et al. 1988) . The main argument is whether the pinnipeds are derived from a single terrestrial carnivore (monophyletic origin; in parenthetical notation: (ferret /otter (bear (sea lions/ fur seals, walrus, seals)))) or from two terrestrial carnivores (diphyletic origin; ((bear, sea lions/fur seals/ walrus)( ferret/otter, seals))); see fig. 1 , panels A and B, respectively). The proponents of the monophyletic origin hypothesis suggest that the pinnipeds form a single clade within the caniform carnivores, which includes canids (dogs), mustelids (ferrets and otters), procyonids (raccoons and coatis), and ursids (bears). Within this group, they are most closely related to the ursids (e.g., see Wyss 1987 Wyss , 1988 Flynn et al. 1988; Berta 199 1; Wyss and Flynn 1993; but see also knason 1977; de Jong 1982; and &-nason and Widegren 1986 , who suggest a procyonid / pinniped association, an inconclusive association, and a mustelid / pinniped association, respectively ) . Alternatively, proponents of the diphyletic origin hypothesis suggest the eared seals (Otariidae) have evolved from the ursids, while the true seals (Phocidae) have evolved from the mustelids (e.g., see St. Mivart 1885; McLaren 1960; Mitchell 1975; Repenning 1976; Tedford 1976; King 1983; Barnes 1989; Wozencraft 1989 The correct placement of the walrus (Odobenus rosmarus) within these two phylogenies is the subject of a related debate. Traditionally, the walrus has been FIG. 1 .-Phylogenetic trees describing the major arguments in the debate on pinniped evolutionary origins adapted from Flynn et al. (1988) . The tree in panel A depicts a monophyletic origin for the pinnipeds with the bears as their closest relative. The tree in panel B depicts pinniped diphyly in which the seals and ferrets/otters are sister taxa, as are the sea lions and fur seals and the bears. Accepting a monophyletic origin for the pinnipeds, within that group, the placement of the walrus is ambiguous. In some studies, the walrus is paired with the sea lions and fur seals (panel C), and in others, it is paired with the seals (panel D).
viewed as closely associated with the eared seals (((sea lions/fur seals, walrus) seals); Arnason 1977; Wozencraft 1989; Vrana et al. 1994; fig. 1, panel C) . Alternative interpretations suggest that the walrus is a sister taxon to the true seals ( (sea lions/ fur seals (walrus, seals)) ; Wyss 1987; Wyss and Flynn 1993; fig. 1, panel D) . These arguments are based primarily on morphological evidence, including cranial and postcranial osteology, dentition, and a few features of the soft anatomy. However, many of the same morphological characters have been used to support pinniped diphyly as well. The literature reveals the conflict to stem from the subjective definition of independent characters and that some of the morphological features studied may arguably be shared derived features associated with .adaptation to a common aquatic environment (reviewed in Wyss 1987; Berta 199 1; Wyss and Flynn 1993) .
Early biomolecular studies increased support for pinniped monophyly but were either unable to completely exclude a diphyletic origin @mason 1977) or could not consistently define which arctoid (procyonid, ursid, or mustelid) carnivore family is most closely related to the pinnipeds (de Jong 1982; Arnason and Widegren 1986; Miyamoto and Goodman 1986) . Recent molecular studies address pinniped phylogeny only peripherally within broader studies of the carnivore order (Vrana et al. 1994) . The placement of the walrus lineage within the pinnipeds remains unresolved by either morphological or molecular studies ( Wyss 1987; Wyss and Flynn 1993; Vrana et al. 1994) . In this article we address the issue of pinniped evolutionary origin and the phylogenetic relationships among the pinnipeds using DNA sequence data. We employed both standard inference methods (parsimony and neighbor joining) as well as a new method called spectral analysis to extract phylogenetic signals.
Problems in Phylogenetic Reconstruction
Evolutionary tree-building methods have become widely used and accepted. A major problem with phylogenetic reconstruction, however, is in assessing the accuracy of the estimated evolutionary trees. It has been suggested that "no current algorithm meets all the necessary criteria of being fast, efficient, consistent, robust, and falsifiable" (Penny et al. 1990 (Penny et al. , 1992 Rohlf et al. 1990 ). The central problem we have addressed in this article is how accurate and reliable are estimated phylogenies of pinniped evolution. This article is directed toward this particular mammalian group but should apply to DNA sequence analysis in general. Standard parsimony (PAUP) and neighbor-joining (Phylip) methods are used with bootstrap analysis, but, in addition, we report several new types of analysis that we have found particularly useful because the biological hypotheses (monophyly and diphyly ) have been formulated before the study began. The new methods we employed include corrected parsimony ( Steel et al. 1993) ) discrete Fourier transforms and spectral analysis Hendy et al. 1994) ) closest tree selection criterion , and the log determinant ( LogDet ) transformation to remove artifacts of differential nucleotide composition (Lockhart et al. 1994) .
Spectral Analysis: The Properties of HadTree Spectral analysis , as implemented in the HadTree computer program, allows close scrutiny of phylogenetic information contained in DNA sequence data independently of any phylogenetic tree. Spectral analysis employs the Hadamard conjugation, a discrete Fourier transform. This approach also permits evaluation of the fit between the data and the model of evolution used . Because it is a discrete Fourier transform, it is appropriate to refer to it as a spectral analysis.
"Tree building" can be divided into two stages: ( 1) transformation (s) of the data, including multiple alignments and corrections for unobserved (i.e., superimin part (Zhang and Ryder 1993; Perry et al. 1994) or posed) changes, and (2) the inference of phylogenetic relationships or "tree selection." The HadTree program uses the Hadamard conjugation together with a model of sequence evolution, such as the Cavender ( 1978) model or the Kimura ( 198 1) two-parameter model, to adjust the DNA sequence data for unobserved changes and then to estimate support for every possible grouping. This transformation is done independently of the choice of a phylogenetic tree. Once the data have been transformed, the next step is to use a tree selection criterion to infer an optimal tree. HadTree currently uses the closest tree ) and compatibility selection criteria for choosing the optimal tree, but output from HadTree can also be used as input into parsimony programs ( PAUP). The Hadamard transformation has the unique property of invertibility (i.e., the data can be used to define the parameters of the evolutionary model, or a model can be adopted and used to predict the likelihood that the data fit the model). As in the maximumlikelihood method (Felsenstein 199 1) ) in HadTree analysis, information in the original sequence data is not lost in the transformation process or in the fitting of the data to an optimal phylogenetic tree.
Application to a Pinniped Phylogeny
One may consider a phylogenetic tree as a set of t -3 (where t = the number of taxa included) mutually compatible hypotheses with each hypothesis corresponding to an internal "edge" of the tree (which consists of terminal taxa connecting to nodes or vertices and the vertices are connected by internodes or edges). Many tree-building programs do not present exhaustive and/ or quantitative information about all hypotheses that contradict the optimal tree returned from the selection criterion or search algorithm. The approach we have taken is to quantify the amount of support for and contradiction against different hypotheses in the data. These include the evidence for monophyly versus diphyly among the pinnipeds and the placement of the walrus lineage among the pinnipeds or among other carnivores. We have selected pinnipeds to demonstrate spectral analysis because there are well-defined alternative hypotheses to be examined and because there seems to be equal, qualitatively robust support for both these hypotheses in other molecular and nonmolecular studies. In addition, in this study, these hypotheses can be tested quantitatively with spectral analysis. Also, phylogenetic inference from DNA sequence data has only recently been applied to pinniped taxa at all (Vrana et al. 1994; Slade et al. 1994) .
Ten representative taxa were chosen for the initial phylogenetic analysis of carnivore families based on their relative availability. After preliminary study, seven additional taxa were selected for the final phylogenetic analyses based on their ability to resolve certain edges of the initial optimal tree. Multiple samples of the otariid (eared seal) family Arctocephalus are included to investigate features of spectral analysis, as described below. Consideration has also been given to the issue of intraspecific variation and the effect of typology (using the DNA sequence from one individual to represent a whole species, genus, or family; see Wilson et al. 1985) . Measurements of intraspecific variation within the cytochrome b and 12s rRNA genes have been made for fur seals, sea lions, the walrus, bears, the red panda (Aihrus fulgens), and the domestic dog (Canis familiar-us; G. M. Lento, unpublished data) . A detailed description of intraspecific variation in these species is beyond the scope of the present article, and the amount of intraspecific variation measured does not affect trees produced in this study.
Potential Sources of Error
Several types of errors or artifacts are known to lead to the selection of an incorrect phylogenetic tree. These are sampling error (Felsenstein 1985) , inappropriate tree selection criteria (Steel et al. 1993) ) inappropriate assumptions in the model for the mechanism of evolution used (e.g., the assumption of equal rates of change across all sites and lineages [Olsen 1987; Shoemaker and Fitch 1989 ] or equal nucleotide composition among sequences [Lockhart et al. 1994] ), and juxtaposition of long and short edges on a tree (Hendy and Penny 1989) .
We conducted several experiments to determine whether any of these potential errors or artifacts might lead to contradictory signals in the pinniped DNA sequence data or to the selection of the wrong tree from those data. We performed ( 1) bootstrap analyses (Felsenstein 1985) to detect sampling error, (2) tree reconstruction using three different selection criteria, ( 3) weighted phylogenetic analyses to test for transversiontransition acquisition bias and differential codon position replacement, (4) more stringent structural constraints to determine the appropriate level of correction for unobserved changes, ( 5 ) additional transformations of sequence data to account for unequal nucleotide composition among lineages, and (6) inclusion of several additional taxa to help resolve long, unbranched lineages in the tree.
Material and Methods DNA Sources and Extraction Table 1 lists the taxa studied and the tissue from which total cellular DNA was obtained. From skin samples, nuclear and mitochondrial DNA were extracted using a phenol/chloroform extraction method after Davis et al. ( 1986) as modified by Lento et al. ( 1994) . From blood samples, nuclear and mitochondrial DNA was extracted using a standard extraction method for non-frozen whole blood (Sambrook et al. 1989 ).
Target Sequence Amplification and DNA Sequencing
Regions of the mitochondrial 12s ribosomal RNA ( 12s rRNA) and cytochrome b genes were amplified from the extracted DNA by the polymerase chain reaction (PCR) using the primers described in table 2. Domain III of the 12s rRNA gene was amplified using the Kocher et al. ( 1989) universal L1091 (12SA) and a newly designed primer, 12SB3. These primers yielded an approximately 400-bp fragment. A fragment of approximately 365 bp of the cytochrome b gene was amplified using a truncated version of the Kocher et al. ( 1989) universal H 15 149 (Cyb 2) and either a 5 '-biotinylated truncated version of L1484 1 (Cyb 1) or a 5 '-biotinylated B-Gludg-L in the t-Glu region (table 2) . The remaining primers listed in table 2 are internal primers used for sequencing the PCR products.
In all cases, 30 cycles of PCR were performed to generate double-stranded DNA fragments. For the 12s rRNA fragment, the amplification conditions were as follows: denaturing at 94°C for 40 s, annealing at 55°C for 40 s, and extending 60 s at 72°C. Amplification of the cytochrome b region was performed using the same time and temperature conditions for denaturation and extension as for the 12s rRNA fragment; however, efficient and consistent amplification was obtained by ramping the DNA annealing temperature from 46°C to 52°C in 2°C steps over the first four PCR cycles.
Single-stranded DNA (ssDNA) was made from each successful double-stranded (ds) 12s rRNA amplification using asymmetrically primed PCR reactions (Gyllensten and Erlich 1988) . In these reactions, the DNA template used was prepared by excising the appropriate ds band from a 3% low-melting-point agarose gel and resuspending the excised band in 100 ~1 doubledistilled H20. Each strand (heavy and light) of the 12s rRNA fragment was then amplified using the cycle conditions described above except that primer concentrations ratios 12SA: 1 2SB3 of 10: 1 or 1: 20, respectively, were used.
For cytochrome b, single-stranded DNA was made from ds cytochrome b amplifications by binding streptavidin-conjugated paramagnetic beads ( Dynal, Inc., Oslo, Norway) to the biotinylated products and separating the DNA strands using 0.1 M NaOH (Hultman et al. 1989) . Both the biotinylated strand and the NaOHneutralized supernatant containing the "stripped" strand were used in sequencing reactions.
Reagent concentrations for both ds-and ssDNA PCR reactions were 67 mM Tris ( pH 7.5 ) 2 mM MgC12, 5 mM premixed deoxynucleotide triphosphates (Pharmacia), 5-10% bovine serum albumin (BSA, 10 mg/ ml), 1.25 units of Taq polymerase (Perkin ElmerRoche, Alameda, Calif.), and 0.2-PM concentrations of each oligonucleotide primer (except in asymmetrically primed PCR reactions as noted above). Alternatively, Thermus flaws (Tfl) DNA polymerase (Epicenter Technologies, Inc., Madison, Wis.) was used with a dilution buffer containing 100 mM Tris-HCl (pH 9)) 40 
' All primers were purchased from Operon Technologies, Inc., Alameda, Calif. b Positions of the 3' end base are numbered according to the human mtDNA sequence (Anderson et al. 198 I) . ' Kocher et al. 1989 (Cooper 1994) . h Used in amplification reactions. i Used in sequencing reactions. mM ammonium sulfate, and 3 mM MgC12. The amount of DNA template used for ds amplification was 2 l.tl of DNA stock diluted 1: 10 per 50-~1 reaction regardless of the concentration of the stock solution. One microliter of agarose gel cut containing purified dsDNA was used for ssDNA amplifications.
Both strands of each DNA region were sequenced using the dideoxynucleotide incorporation sequencing reactions (Sanger et al. 1977 ) of the Sequence kit ~2.0 (US Biochemicals, Cleveland, Ohio). The products of the sequencing reactions were resolved on 8% polyacrylamide, 8M urea denaturing gels. All DNA samples were sequenced in both directions and from two to five separate amplifications using terminal and internal initiation primers.
Sequence Alignment DNA sequence data were recorded using the ESEE Manual Alignment program (Cabot and Beckenbach 1989) . Cytochrome b sequences .were aligned by comparing the translated sequences to the published amino acid sequences of harbor seal cytochrome b @mason and Johnsson 1992) and cytochrome b sequences from several other vertebrate species (Irwin et al. 199 1) . The absence of stop codons and frame shifts and the general conservation of inferred cytochrome b amino acid sequence and structure indicate that the sequences are correctly aligned and that they are not nuclear homologs of cytochrome b (see Irwin et al. 199 1; Lento et al. 1994) .
We also aligned 12s rRNA sequences with consideration of the secondary structure model of Domain III of the mitochondrial 12s rRNA gene. The model, whicl has been applied to a wide range of vertebrate and in vertebrate species, is that of Gutell et al. ( 1985 ) refinec by R. E. Hickson, C. Simon, A. J. Cooper, G. Spicer, J Sullivan, and D. Penny (unpublished data) . Ambiguou nucleotide positions in the alignment were not includes in phylogenetic analyses.
To assess the level of saturation for each gene frag ment, we made a plot of transversions versus total sub stitutions (sensu de Salle and Hunt 1987 ) for all corn parisons between the monk seal (a taxon for whicl several ingroups and several outgroups are included ir the alignment) and all other taxa and between the do! (the putative outgroup) and all other taxa (data no shown). Only comparisons in which the total numbe of observed changes is above 15 were used. The trans versions versus total substitutions plot for the monk sea revealed an approximately linear relationship, with somt clustering of data points for the more distant compari sons. This linearity was more evident in the TV versu total substitutions plot for 12s rRNA than in the car, responding plot for cytochrome 6. This observation i! expected given the difference in frequencies of substi, tution between the 12s rRNA and cytochrome b DNA sequences (see Results and table 4, below) . These ob, servations suggest that for most taxa in the alignment saturation of the sequences should not pose a problem for phylogenetic reconstruction. By comparison, the similar plot for the dog is expected to show saturation and most data points were found to be clustered, showing no linear relationship. A certain level of DNA substi-tution saturation is unavoidable for analyses of taxa spanning a large taxonomic range, but within this mtDNA data set for the pinnipeds and carnivores, saturation does not appear to be a problem. Therefore, these DNA sequences are judged suitable for phylogenetic analyses.
Phylogenetic Analysis
The DNA sequence data for 10 selected taxa were arranged in five ways for phylogenetic reconstruction. These arrangements are the 12s rRNA sequence data alone, the cytochrome h sequence data alone, cytochrome b first and second codon positions together, cytochrome b third codon positions alone, and finally the 12s rRNA and cytochrome b (all codon positions) combined.
Three transformations of the nucleotide distribution patterns observed in the data were performed to correct for unobserved nucleotide substitutions. These transformations are the Jukes-Cantor ( 1969 ), Cavender ( 1978 , and the log determinant ( LogDet; Lockhart et al. 1994) models. Three phylogenetic inference algorithms (or tree selection criteria) were used to choose optimal trees. The selection criteria are neighbor joining (as implemented in PHYLIP; Felsenstein 199 1 ), parsimony (PAUP ~3.0~; Swofford 1993), and closest tree ( HadTree; . The Hadtree and Prepare (which contains the LogDet transformation) programs with basic user-support documentation can be obtained from FTP site 130.123.1.3.
Parsimony analyses included branch-and-bound searches of both the preliminary data set and the enlarged data set. The dog was used as an outgroup to root trees in each test. Bootstrap analysis was performed with 800 or 1,000 branch-and-bound replicates. After initial phylogenetic reconstructions were performed, a method of "corrected" parsimony (Steel et al. 1993 ) was performed by correcting the sequence data for unobserved changes using either the Cavender model or the LogDet method in the Prepare program and using the corrected data to infer an optimal tree using the parsimony selection criterion ( PAUP).
Neighbor-joining trees were generated using the Jukes-Cantor model for correcting for unobserved changes. Consensus neighbor-joining trees were compiled from 1,000 bootstrap replications. Again, following initial phylogenetic analyses, the sequence data were also corrected using the LogDet transformation and then used to infer an optimal neighbor-joining tree. The reason for this modified neighbor-joining analysis is detailed below.
The Operation of HadTree subsets (i.e., with no taxa common to both subsets). HadTree analyzes DNA sequence data site by site, categorizing observed nucleotide distribution patterns at each position and scoring the occurrence of splits evident in the data. At each position in the aligned data the taxa are split into two subsets: those with the same nucleotide at that site and those with a different nucleotide at that site. In parenthetical notation this can be written as (( Taxon A, Taxon B, Taxon C)( Taxon D, Taxon E)). In the currently used version of the HadTree program, four-state character data are recorded to two-state characters for the categorization of splits. A new four-state Hadamard conjugation is available but has not been tested here. Note that the term split used here is the same as that used in split decomposition analysis ( Bandelt and Dress I992 ) .
I&nt$cution of tuna unu' splits. An essential feature of the HadTree analysis is the use of a binary indexing system to uniquely identify each taxon in the analysis and each split apparent in the data. Taxa are listed 1, 2, . . . n. The ith taxon is assigned a binary number, 2'-' .
For example, the binary numbers for taxa 1, 2, 3, 4, . . .
The indexing system for splits is a natural extension of that used for identifying taxa. Splits are uniquely identified by summing independently the binary numbers assigned to each taxon in the two disjoint subsets. For example, in a five-taxon group, a split including a subset of the first three taxa and a subset containing the last two taxa can be numbered either 7 (= 1 + 2 + 4) or 24 ( = 8 + 16). By convention the smaller of the two numbers is used to label the split .
Phvlogenetic spectra signals .for mpport and conJict. The fre quency of any given split is the sum of occurrences of that split in the data set divided by the total number of columns (nucleotides) in the data set. Splits are ranked from highest to lowest frequency and output in a form that can be read directly into Microsoft Excel-( Microsoft Corp., Redmond, Calif.), and then displayed in a histogram-like spectrum. Frequencies can be corrected for unobserved nucleotide changes along each edge and for changes occurring in parallel on different edges. It is corrected frequencies that are routinely displayed in a spectrum. The Cavender ( 1978) model is usually used in HadTree to correct for unobserved changes. The frequencies defined here are specifically called "support" for a split. This term support is distinguished from the concept of "conflict" described below.
Ideally there would only be evidence for one set of mutually compatible phylogenetic relationships in any given set of sequence data. Real data, however, contain Splits. Every edge (or internode) of a phylogenetic contradictory or conflicting information as a result of tree partitions, or "splits," the taxa into two disjoint multiple substitutions at a single site (i.e., unobserved changes). In addition to calculating the support value for specific splits, the HadTree program also quantifies the amount of contradiction (or conflict) against each split. To demonstrate conflict, one can use the following hypothetical sample of DNA sequence for five taxa: col-
, and column 3 = [C, T, T, C, T] . In the first column of the hypothetical DNA data set, taxa 1 and 2 share an adenine, while taxa 3, 4, and 5 share a guanine, so this column splits the taxa into subsets 1 + 2 and 3 + 4 + 5.
The pattern of nucleotide distribution in second column is compatible with that in the first column. In the third column, taxa 1 and 4 share a cytosine, while taxa 2, 3, and 5 share a thymine. The distribution of nucleotides in the third column contradicts the distribution in the first two columns (and vice versa) in that taxon 1 is grouped with taxon 2 in the first two columns but with taxon 4 in the third column. The split in column 3 is therefore incompatible with the splits in columns 1 and 2.
The conflict value for a split is the sum of all other splits that contradict the partitioning of taxa in the first split. Because a split may be incompatible with many other splits, the magnitude of its conflict can be much larger than its frequency of support. For this reason we have chosen to normalize the frequency of conflict by dividing the sum of all support values by the sum of all conflict values. Each conflict value is then multiplied by this ratio, which thus allows both support and conflict to contribute equally to the assessment of a split.
Selecting an Optimal Tree
Once data have been transformed to frequencies of splits, a tree can be built using a tree selection criterion such as parsimony (Swofford 1993) ) neighbor joining (Saitou and Nei 1987) , maximum likelihood (Felsenstein 199 1 ), or a closest tree (a compatibility algorithm based on minimizing the sum of squares; . In the HadTree analysis, if and only if t -3 (where t = the number of taxa included) mutually compatible internal edges (or splits) are found in the data set, then the closest tree selection c,riterion will return a fully bifurcating optimal tree. It should be noted that a split that has a high frequency of support in the data set may not necessarily be included in the optimal tree because of contradicting signals (see Hickson 1993; ).
Analytical Strategy
Phylogenetic analyses were performed on the individual 12s rRNA and cytochrome b data sets and for a combined 12s rRNA and cytochrome b data set (as described above). Ten representative pinniped and carnivore species were analyzed first. A variety of optimal trees were found (see Results and Fig. 2) . To begin to resolve differences between these trees, we repeated the analyses of the five data set arrangements employing differential weighting schemes.
We estimated confidence in the optimal trees using three techniques beginning with standard bootstrap analysis (Felsenstein 1985) . We then examined the relationship between bootstrap values and spectral frequency signal in order to begin to understand the source of bootstrap values. We used spectral signals of support and conflict to derive what we have called "predictors of bootstrap" or PB values. Finally, we estimate the variance around the internal edges of the optimal trees generated from spectral analysis by measuring the support for alternative arrangements of taxa around each internal edge. PB values and alternative rearrangements are described in detail in Results.
Following confidence analyses, we tested for potential sources of error known to lead to selection of incorrect optimal trees. With the results of the phylogenetic analyses and tests of the initial 10 taxa, 7 additional taxa, marked by an asterisk in table 1, were selected and the 12s rRNA and cytochrome b genes sequenced for inclusion in final phylogenetic analyses.
Weighting Schemes
Differential weighting schemes are often used in phylogenetic analyses of small subunit ribosomal RNA genes to adjust for transversion-transition acquisition bias (Swofford and Olsen 1990) . Two recent studies of the 12s rRNA gene (Hickson 1993; Vawter and Brown 1993) suggest that such schemes may not have significant effects on phylogenies inferred from 12s rRNA sequence data. To test this suggestion, we repeated the phylogenetic analyses of the 12s rRNA sequence data employing transversion to transition (Tv:Ts) weighting ratios of two and four.
As cytochrome b is a protein-coding gene, a weighting scheme was employed in analyses of this data set to allow for different evolutionary rates at the three codon positions. The three codon positions were weighted 0.37 : 1: 0.06, which is calculated from the observed relative frequencies of substitutions in first: second: third positions (Arnason et al. 1993) . This weighting scheme is based on empirical evidence from DNA sequences of whole mitochondrial genomes from two closely related pinniped species, the harbor seal (Phoca vitulina) and the gray seal (Halichoerus grypus) . The reported observed frequencies of changes for each codon position are 2.7: 1: 16. To give equal weight to changes in different codon positions, the inverse of these weights (0.37 : 1: 0.06) is applied to the present pinniped data set.
Spectral Analysis of Pinniped Evolution 35 Exploring Potential Sources of Error
The Presence of Invariant Sites Functional constraints associated with transcribed RNA genes and translated proteins mean that not all sites in the nucleotide sequence of these genes are equally free to vary. This can lead to undercorrection for unobserved nucleotide substitutions since the correction methods we used (Jukes-Cantor and Cavender) assume that all sites are free to vary (Palumbi 1989; Steele et al. 199 1) . Undercorrection for unobserved nucleotide substitutions might lead to incorrect phylogenetic inferences because there is an increased possibility that taxa may have the same nucleotide at a specific site owing to chance rather than common evolutionary history. The consideration of only those sites that are free to vary increases the amount of correction applied to observed nucleotide distribution patterns in the data and, thus, increases the probability that a site has had multiple nucleotide changes. Support for some splits can decrease because after correcting for unobserved changes has been done, other taxa may also vary at that site.
To determine whether the presence of unvaried sites in the data set influences the placement of key taxa in the pinniped phylogeny, we conducted the following experiment. Using the method of Steele et al. ( 199 1)) we estimated the number of sites free to vary in the combined cytochrome b/ 12s rRNA data set to be 378 of 683 sites (55.3%), which left a total of 305 invariant sites. This was done by first calculating the mean number of observed changes per site as the number of steps in the optimal uncorrected parsimony tree (which represents the minimum number of changes in the tree) divided by the observed number of changed sites in the data set, and then using this observed mean in a Poisson distribution to derive a mean number of total changes (including unobserved) per site. It is worth noting that the calculated number of sites free to vary, 378, according to the method of Steele et al. 199 1, is 54% greater than the actual number of observed variable sites (245) in the combined cytochrome b/ 12s rRNA data set.
Subsequently, we observed how key splits were affected by removing, respectively, 100 (approximately one-third of invariant sites), 200 (two-thirds), and 305 (all) invariant sites from the data set. The splits of interest are those representing the placement of the walrus among the pinnipeds and the split supporting a diphyletic origin for pinnipeds (phocids with mustelids). As a comparison, we also examined two other splits: one representing a generally accepted grouping of taxa that is definitely included in the optimal tree (all four otariids together) and one split thought to represent noise versus true phylogenetic signal and therefore definitely excluded from the optimal tree (walrus, otter, and bear).
Nucleot ide Composition Efects
Taxa with similar nucleotide composition may be erroneously grouped together in phylogenetic analyses ( Hasegawa and Hashimoto 1993 ) . All phylogenetic inference algorithms currently in use are sensitive to this condition (Lockhart et al. 1994) . In order to isolate effects of apparent nucleotide composition bias, we took two approaches. First, the nucleotide composition of the phylogenetically informative sites only was determined for all taxa in the initial analysis. A pairwise matrix of Euclidean distances was calculated based on nucleotide composition alone. Using this matrix, which is independent of historic information contained in the aligned sequences, a "nucleotide composition" or "GC" tree was inferred using the NEIGHBOR subroutine of the PHYLIP software package. We compared this to the optimal neighbor-joining tree inferred from the fully aligned sequences to determine whether any of the phylogenetic associations among the pinnipeds and other carnivores might be a result of common nucleotide composition bias.
At one extreme, if the GC tree generated from the sequence data has the same topology as the optimal tree generated from alignment of the same DNA sequences (or the "aligned" tree), this result would indicate that the aligned tree might be a reflection of nucleotide composition effects only. One cannot distinguish between this conclusion and a conclusion that the aligned tree is the true tree. Conversely, if the GC tree does not have any nodes common to the aligned tree, this might indicate that the aligned tree does not reflect nucleotide composition at all. However, a reasonable expectation is that if nucleotide composition has any effect on the selection of the optimal aligned tree, the GC tree would have some features in common with and some different from the aligned tree. The test performed by comparing the GC tree to the aligned tree can only give a qualitative indication that nucleotide composition effects may be causing erroneous convergence of branches.
Second, a transformation (LogDet; Lockhart et al. 1994) of the sequence data was performed to adjust for unequal nucleotide composition. A distance matrix was generated from the log determinant values for the combined data set of 12s rRNA and cytochrome b sequences from the initial 10 taxa. The resulting determinants matrix was used as input into the HadTree program for closest trees, into PAUP for parsimony analysis, and into the NEIGHBOR subroutine of PHYLIP. The optimal tree generated reflects the historic information contained in the aligned sequences without the misleading effect of apparent nucleotide composition bias (Lockhart et al. 1994 ).
Juxtaposition of Long and Short Edges
Irregular nucleotide composition among the analyzed taxa can be confounded by the presence of long unbranched edges in the tree, and the two effects are difficult to discriminate. Hendy and Penny ( 1989) introduced the idea that when a short internal edge links two long, unbranched edges, the uncorrected parsimony optimality criterion has a tendency to place these two lineages together on an inferred tree. This can result in an incorrect convergence of taxa. Hendy and Penny ( 1989) refer to this artifact as "long edges attracting" and predicted that this problem could be remedied by including in the phylogenetic analysis taxa that branch from somewhere along the long, previously unbranched edges. Based on results of initial phylogenetic analyses, DNA sequence data from several additional taxa were obtained and have been included in the data set. The selection of these taxa is discussed below in conjunction with results from these initial phylogenetic analyses.
Results

Sequence Alignments
The aligned 12s rRNA and cytochrome b DNA sequence data are not shown but can be obtained from FTP site 130.123.1.3 under the file names Lento 12S.dat and Lentocyb.dat, respectively. The reader is encouraged to obtain and refer to these alignments in conjunction with this article. The sequences obtained from animals in this study correspond to positions 1452-1844 of the complete mtDNA sequence of the harbor seal, Phoca Table 3 Sequence Composition Statistics vitulina (Arnason and Johnsson 1992) , for the 121 rRNA fragment and to positions 15094-l 5469 of th harbor seal mtDNA sequence for the cytochrome b frag ments. The nucleotide positions removed from analyse of 12s rRNA sequences because of ambiguous alignmen are positions 1477-1482, 1676-1680, 1752-1759, an 1784-1787. In addition, the otter shows a 2-bp insertiol between positions 165 1 and 1652, which was also omil ted. All sequences reported in this article have been de posited with the GenBank database with accessiol numbers U12826-U12855. Table 3 lists several sequence composition statistic for both gene fragments. The total length of the corn bined data set is 775 nucleotides (399 for 12s rRNt and 376 for cytochrome b). The percentage of infor mative or "parsimony" sites is 23% overall ( 12% an 36% for 12s rRNA and cytochrome b, respectively) The percentage of phylogenetically informative sites i based on the number of variable sites excluding singlet01 and noninformative variable sites. Observed frequencie of substitutions between the three codon positions in th cytochrome b subset in this pinniped/carnivore data se are comparable to those reported for the harbor an gray seals by Arnason et al. ( 1993; 3.7 : 1: 17.3 versu 2.7 : 1: 16, respectively).
Sequence Composition Statistics
Transition to transversions ratios (Ts:Tv) wer calculated for all pairwise comparisons of these 17 tax for both 12s rRNA and cytochrome b. The range of T$ TV is 1.4 to 2 1. In the case of the 12s rRNA sequence! CYTOCHROME b this excludes all within-otariid comparisons (for which the total number of observed changes is less than 10) and all comparisons involving the outgroup (domestic dog). Lower values are interpreted as a result of saturation. However, Ts:Tv values observed at the higher end of the range support the suggestions of Zhang and Ryder ( 1993) that high transition bias may be a more general mammalian trend than just a primate phenomenon as suggested by Allard and Honeycutt ( 1992) .
Analyses of Initial 10 Taxa Phylogenetic Analyses
These reconstructions yielded only five different trees (I, I*, II, II*, III). The trees are shown in figure 2 and the outcome of each analysis tabulated below them. All five trees support a monophyletic origin for the pinnipeds. The otariids (eared seals), harbor seal, and walrus are grouped together, as are the mustelids (otter and ferret), to the exclusion of other taxa. Further, these two groups are well supported (see bootstrap values for edges a and b in table 4) and are separated by the bear lineage in most trees.
The distinguishing feature among Trees I, II, and III is the placement of the walrus lineage. The closest tree (HadTree) analysis of the cytochrome b and 12s rRNA data yields a tree of Type I with the single difference of a close canid/ursid pairing (Type I* in fig. 2) . Similarly, the neighbor-joining analysis of the cytochrome b data (all positions included) yields a tree of Type II with this same canid / ursid difference (Type II * in fig. 2 ).
The major difference between these trees is the placement of the walrus within the pinnipeds and, independently of this, the placement of the bear lineage outside the pinniped clade. Both these topological differences are likely to be due to the juxtaposition of long and short edges in the tree (Hendy and Penny 1989) because the walrus and the dog are relatively more divergent from the caniform carnivore ancestor than the other taxa in the analysis. It is notable that all three selection criteria yield the same optimal tree (Tree II) for the 12s rRNA sequence data set. This consistency is contrasted to different trees returned by each treebuilding method for the cytochrome b sequence data and the combined 12s + cytochrome b data set.
Weighted Phylogenetic Analyses
Weighted phylogenetic analyses of 12s rRNA sequence data were performed using TV : Ts weighting ratios of two and four. All three selection criteria (parsimony, neighbor joining, and closest tree) returned an optimal tree identical to the corresponding optimal trees in the unweighted analyses. This result for carnivore 12s rRNA supports the suggestion by Vawter and Brown ( 1993) and Hickson ( 1993) that, at least for taxa that are reasonably closely related, differential weighting schemes have little or no effect on phylogenetic reconstructions from small subunit ribosomal RNA. The table below indicates which analysis results in which tree topology. The letters a-fdenote key edges in the trees that define key edges in the trees that define the differences between them and indicate the hypotheses examined in the text. The dagger (t) in the closest tree column indicates that in these analyses, the optimal phylogenetic tree is not fully resolved. The asterisks (*) denote the two reconstructions that are different from tree Types I and II by the single rearrangement of the dog and bear lineages to form a very closely related pair diverging from the main trunk of the tree. Table 4 lists the bootstrap values from parsimony and neighbor-joining analyses and PB values from closest tree analyses for these key edges.
Similarly, application of differential weighting ratio 0.37: 1 .O 10.06 (see Methods) to the codon positions of cytochrome b sequence data did not change the optimal tree returned using the'closest tree method. The optimal closest tree generated from weighted cytochrome b data was not fully resolved, but the splits that are supported in the data are the same splits supported in unweighted closest tree analyses of cytochrome b. Figure 3A is a graphic display, or spectrum, of all phylogenetic information ("signals") contained in the combined data set of 12s rRNA and cytochrome b DNA sequence data. The bars in the top half of the spectrum show the frequency of support, Cavender corrected for unobserved changes, for all splits for which there is evidence in the data. With 10 taxa, the number of splits is 2"-' or 512 . Ofth ese, 59 splits are supported by some evidence and these are the bars shown in the top half of the spectrum. Ten splits represent singletons, and one split accounts for constant columns; for the remaining 442 splits, there is no evidence in the data. Bars below the X-axis in figure 3A show the normalized sum of conflicting evidence for the corresponding split above the X-axis. The total number of splits per unit length of sequence data is indicative of the amount of signal versus noise manifest in the sequence data. The filled bars indicate those splits that have been included in the optimal tree chosen, in this case, under the closest tree selection criterion. Inclusion of well-supported splits (i.e., splits c, h, and d) in this optimal tree is expected. Attention is drawn to the splits marked e, o, and p. Split e has both higher support and lower conflict than split g yet is not selected for inclusion in the optimal tree. This is because the partition of taxa in this split (seal plus walrus) conflicts with other signals included in the optimal tree that have higher frequency, lower conflict (e.g., split d, walrus plus the earned seals). Similarly, split o (fur seal 3 plus sea lion) conflicts with split m (fur seal 3 with fur seals 1 and 2). Split p, though it has very low frequency of support, is included in the optimal tree as it has effectively zero conflict and is mutually compatible with the six other splits selected for the optimal tree.
Spectral Analysis
The optimal tree is shown in inset 3A and is of Type I* in figure 2. The tree is unrooted but drawn using the domestic dog as the outgroup. The lengths of the branches are proportional to edge weights calculated for each edge by the HadTree program. The edge weights are the probability per site of observing a change along an edge and can be multiplied by the total number of columns (nucleotides) to derive "branch lengths" (or total estimates changes along an edge) analogous to those calculated for parsimony trees.
Noise. The ratio of the total length of the data set (number of nucleotides) to the number of splits found in the spectrum gives an indication of the signal-to-noise ratio for that data set. The spectrum for third positions of cytochrome b has 39% more splits than the first plus second position cytochrome b spectrum (43 versus 3 1, respectively) despite having 50% fewer nucleotides (data not shown). This implies that even while these positions are not saturated, the third codon positions of cytochrome b contain more random noise than the first plus second codon positions of cytochrome b. Similarly, the 12s rRNA spectrum shows markedly fewer splits than the cytochrome b (all codon positions) spectrum for a comparable number of nucleotides (split-to-length ratios of 0.06 and 0.18, respectively).
Nonbinary Trees. The closest tree analyses of the cytochrome b sequence data (first plus second positions, third positions, and all codon positions) resulted in incompletely bifurcating trees (marked "t" in fig. 2 ). All three analyses show support for the same bipartitions in the data sets; however, the program failed to find sufficient support in the data set for t -3 mutually compatible internal edges as is required to infer a fully bifurcating tree. The internal edges that are supported for all three analyses are b, c, d, g/n, h, and o as described in table 5.
We have attributed this failure to fully resolve a tree in part to the stochastic occurrence of independently acquired identical substitutions among fur seals 1 and 2 and the dog. If fur seals share a close phylogenetic history with the domestic dog, one would expect a signal linking all three fur seals with the dog. Instead, we see a split grouping only two of the fur seals and the dog. Consequently, this split cannot be reconciled in the context of other spectral signals. When the dog is removed from the analyses of the cytochrome 6 data, the closest tree method does return a fully bifurcating optimal tree. Further, no signal linking these two fur seals and the dog is found in any analyses of the 12s rRNA sequence data. The effect of stochastic occurrence of independently acquired substitutions is discussed further with regard to later phylogenetic analyses.
This finding is in agreement with the work of Charleston ( 1994) ) who suggests that the parsimony tree selection criterion may, with short sequences, be a more powerful selection criterion than the closest tree algorithm. In one sense the closest tree algorithm is similar to a compatibility criterion and simply measures whether two splits are compatible. Parsimony, with six or more taxa, can further refine the extent to which a split clashes with a tree topology (or a single split) by evaluating splits that require more than one additional step to be included in the optimal tree (Charleston 1994) .
Estimating Conjidence in Optimal Trees
Predictors of bootstrap ("PB") values. Bootstrap values are a useful indication of how much a tree may change if longer sequences were available, but they give no indication of whether there is any systematic problem in the data that may cause convergence to an incorrect tree. This prompts us to ask whether there is some property of the data that can help us understand what leads -Relationship between bootstrap values (from both maximum-parsimony and neighbor-joining analyses) and the relative strength of signals determined by spectral analysis for the pinniped 12s rRNA data. The strength of support for specific splits in the spectral data are represented as predictors of bootstrap (PB) values, and their calculation is described in the text. For this data set, high PB values tend to result in high bootstrap values. Three splits, however, have high (greater than 90%) bootstrap support but low (less than 30%) PB values. These all involve the fur seals and reflect spurious signals (sequence "noise") between two of the fur seal sequences and the domestic dog (outgroup) and mustelid sequences, as discussed in the text. Note that PB values less than zero indicate that there is more conflict than support for a particular grouping of taxa, whereas this information cannot be directly inferred from bootstrap analyses.
to a particular bootstrap value. Table 4 includes values calculated from HadTree spectra that examine how well supported key edges are in the original sequence data. We call these values "predictors of bootstrap," or PB, values and use them to attempt to determine what particular aspects of the data lead to high bootstrap values. PB values are calculated as the frequency of support minus the frequency,of conflict (S -C) and are reported as a percentage of the highest S -C value found in the spectrum. The concept behind PB values is the same as that for bootstrap values, which is to provide some measure of "confidence" for edges in the optimal tree. The only difference is that PB values, derived from the HadTree spectrum, take not only support for an edge but also contradictory signal values for that edge into account. As with bootstrap values, a well-supported tree would have high PB values for most of its internal edges. Figure 4 shows the relationship between PB values and bootstrap values as listed in table 4. Generally, a high S -C value is a good indication that a split is in the optimal tree. Conversely, a low S -C predicts that a split is not in the optimal tree. The S -C values prove to be a better predictor than either the S or C values separately (data not shown). This concept of PB values is addressed further in the Discussion.
Alternative rearrangements. Each internal edge of a tree can be regarded as a four-taxon tree with three possible rearrangements of the taxa about that edge (inset  Support/conflict spectrum for the combined cytochrome b and 12s rRNA DNA sequences. Bars above the X-axis represent frequency of support for each split. Bars below the X-axis represent the sum of all conflicts against the corresponding split above the X-axis. Solid bars (both support and conflict) indicate the splits that have been selected for inclusion in the optimal tree. Frequency values of support are the probability of observing a change on the edge multiplied by the total number of columns (base pairs) in the data set. The frequency values for conflict are calculated as the sum of support values for all splits that contradict the split being assessed. Conflict values are normalized as described in the text to give support and conflict equal contribution to the overall assessment of each split. A number of splits of interest are marked by letters in this figure and are listed and described in table 5. B, Support/conflict spectrum for the same data set analyzed in panel A using the LogDet transformation. Bars above the X-axis represent frequency of support for each split. Bars below the X-axis represent the sum of all conflicts against the corresponding split. Solid bars (both support and conflict) indicate the splits that have been selected for inclusion in the optimal tree. Note that all splits in the optimal tree shift to the first seven ranks. See table 5 for a description of these and other lettered splits. The scale of the frequency axis is different from that in panel A as the LogDet transformation quantifies a different parameter than that quantified in the Cavender transformation. Frequency values here are paralinear distances (after Lake 1994) and can be multiplied by the total number of columns in the data set to be more comparable to the frequency values in panel A; however, these values are not strictly "distances" or lengths. Conflict values are normalized as described in the text to give support and conflict equal contribution to the overall assessment of each split. I  III  II  III  III  I  I  I  I  I   12 20 24  28 46 44  60 31 35  3 61 62  63  446  192 SPLITS 5Aii). In order to make an estimate of confidence for the optimal tree and simultaneously search for evidence supporting alternative trees, we compared the support for the "optimal" edge ( 192) to the support for the two alternative arrangements around each internal edge (320 and 384). These comparison are presented as a series of seven small histograms in figure 5A . The histograms are arranged in the order that their corresponding edges appear in the optimal tree (see inset 5Ai). By convention, each "optimal" edge and its index (here, 192) is given first. This is followed by the signal and index number for the arrangement made by joining the taxa horizontally opposite each other in the "optimal" edge (arrangement 320 in inset 5&i). The third value is the signal and index number for the arrangement made by joining the taxa diagonally opposite each other in the optimal tree (arrangement 384 in inset 5Aii).
The results are interesting in that there are differences in confidence between the seven edges of the optimal tree. A high level of confidence can be assigned to edges 12, 63, and 192 because the signal for the "optimal" arrangement is far greater than the signals for either of the two alternative arrangements. Edge 192 illustrates that a signal may be very small but have virtually no contradictions, thus, it can be assigned a reasonable level of confidence. A moderate level of confidence can be assigned to edges 48 and 448 as the signals for one (edge 448) or both (edge 48) of the alternative arrangements is greater than zero but is only around half the value of support for the optimal edge. Only low confidence can be assigned for edges 60 and 61. In both cases, the support for the first alternative arrangement is nearly as high as that for the optimal arrangement. These latter two edges are deep in the interior of the tree where the probability of conflict can be higher. The level of support for the alternative arrangement is so close to that for the optimal edge, one might consider presenting two or more optimal trees to acknowledge this observation. For edge 61, the alternative arrangement with edge 3 as the internal edge representing the grouping of the harbor seal and the walrus is selected over edge 6 1 in some of the other phylogenetic analyses (see fig. 2. ).
An examination of variance-covariance around the internal edges to estimated confidence in a phylogenetic tree has been suggested (Waddell et al. 1994) , but to date this method has been explored analyzing fewer taxa than are included in this study. Examining frequency of support for the internal edges of a tree, as described above, provides a simpler, yet very informative, approximation of confidence in a similar manner.
Accounting and Correcting for Known Sources of Error in Phylogenetic Reconstruction
Up to this point we have only presented phylogenetic analyses of 10 representative carnivore taxa using three different tree-building methods. One strikingly consistent feature of these analyses is that all of the methods used yield optimal trees that support pinniped monophyly. The main difference among the trees is in the placement of the walrus lineage within the pinniped clade and the occasional close pairing of the dog and bear lineages. Several factors may account for such inconsistencies among analyses. These are corrections unobserved nucleotide changes without consideration of the number of sites free to vary, irregular nucleotide composition between taxa, and the juxtaposition of long and short edges. We have therefore taken the following steps to assess, and possibly correct for, these errors.
The presence of invariant sites. The methods for correction for superimposed changes that have been used in this study assume that all nucleotide sites in the sequences are free to vary and that they vary at the same rate. This assumption is not true for the cytochrome b and 12s rRNA sequences in our data set. Many authors report that this assumption is not supported by biological evidence (e.g., see Palumbi 1989; Lockhart et al. 1994) . If inappropriate corrections for superimposed changes contribute significantly to phylogenetic spectral signals, we would expect to observe a marked decrease in their frequencies of support as constant sites are removed prior to correction. The change in the frequency of support for key splits (a, b, c, e, i, and k in table 5) in the combined data set was plotted against the number of constant sites removed from the data set (data not shown). Removal of proportions of constant sites to correct for the FIG. 5.--A, Alternate rearrangements for internal edges of the Cavender closest tree. The optimal tree returned from HadTree (closest tree criterion) is shown in inset 5Ai. For each internal edge of the optimal tree, three possible rearrangements exist. These are shown in inset 5Aii (see text for convention used to derive each rearrangement). The frequency of support for the optimal edge and each alternative rearrangement for that edge are shown in the histogram. These histograms reflect only support, not conflict, for each arrangement. For conflict estimates, one may refer to the spectrum in fig. 3A by cross-referencing the letters assigned to these splits in table 5. Bars of nearly equal height indicate that a nearly equally supported alternative hypothesis exists in the sequence data. B, Alternate rearrangements for internal edges of LogDet closest tree. The optimal tree, which is slightly different from the optimal tree in panel A (see text), is shown in the inset to panel 5B. The first splits shown in each histogram is for the "optimal" split selected for the tree, and the second and third splits are derived using the same convention as described for panel A. presence of invariant sites in the sequences did not markedly affect the level of support (or conflict) for key splits. The relative support for most splits increased, and the largest decrease was only approximately 2%. Further, the optimal closest tree generated after removal of constants sites was the same as that derived from the original data set ( figure insets 3A and 3B) . The presence of unvaried sites in the data set does not, therefore, appear to influence the selection of phylogenetic relationships from these data. However, the effect of invariant sites in other DNA sequence studies may be marked and should be evaluated empirically as a standard procedure.
Nucleotide composition efects. In the spectrum generated using the Cavender correction with the closest tree (CT) selection criterion, there is some signal for the split supporting a diphyletic origin for the pinnipeds (i.e., a split grouping the seal, otter, and ferret to the exclusion of all other taxa; split i, fig. 3A ) . This signal is relatively weaker and has a higher level of conflict by contradicting several splits that are included in the optimal tree. For these reasons, this single split supporting diphyly has been excluded from the optimal tree designated in figure  3A . The presence of even a weak signal could be a cause for concern, but for the following reasons, this weak diphyletic signal appears to be an artifact of different nucleotide composition.
When a GC tree (Lockhart et al. 1994 ; tree not shown) was constructed using the 12s rRNA data, the tree supported a diphyletic origin of pinnipeds, grouping first the seal with the ferret and then joining the otter lineage to this pair. This suggests that the signal for diphylyl seen in the Cavender/CT spectrum may be due to an effect of irregular (i.e., unequal and/or nonsymmetric frequency) nucleotide composition. The JukesCantor correction method assumes all sequences have 25% of each nucleotide, which is not true for this data set considering that the range of G + C content for these carnivores is 35%-50%, and the frequency of thymidine is 18%-32%. Thus, it appears that irregular nucleotide composition, in general, may be a problem in this study of carnivore mtDNA. There is one method of correction, the LogDet transformation, available to remove this effect. The LogDet transformation operates under less restrictive assumptions (Lockhart et al. 1994) and does compensate for irregular nucleotide composition of DNA sequences.
The spectrum for the combined data set generated using the LogDet transformation followed by the closest tree selection criterion is shown in figure 38 . The signal for diphyly (split i) is reduced to almost zero. It appears that this conflicting signal is resolved by the application of the LogDet correction.
The LogDet spectrum ( fig. 3B ) shows several additional interesting features. In comparison to the original spectrum (fig. 3A) , the total number of splits is reduced, which implies a reduction in random noise; the optimal tree consists of the seven strongest signals (splits of highest frequency); and the splits included in the optimal tree have little or no conflict relative to the remaining splits in the spectrum. There are two differences between the optimal trees inferred with (inset 3B) and without (inset 3A) the LogDet correction. First, the walrus and seal lineages are shown as sister taxa after the LogDet transformation is applied (whereas in the original tree, the walrus had been associated with the otariids). Second, the canid and ursid lineages separate to join individually to the main trunk of the tree, whereas originally they were paired together in a single divergence from the main trunk of the tree (inset 3A).
Our conclusion is that there is a significant effect of differences in nucleotide composition between sequences. The LogDet transformation has markedly reduced this effect and shows very good agreement between the tree (or model) and the data: the size of the residual signal (splits not in the optimal tree) is much smaller.
Alternative Rearrangements Revisited
Figure 5 B shows the support signal histograms for the optimal and alternative arrangements for the internal edges of the tree returned using LogDet-transformed data. Inset 5B, as in inset 5Ai, shows the optimal tree drawn with proportionally scaled edge weights ("branch lengths"; see above). A high level of confidence can again be assigned to edges 12,63, and 192 as well as edge 448, which was assigned only moderate support in analyses of Cavender-transformed data. The confidence level for edge 60 increases to a high level where it was previously only moderately supported over the alternatives. Edge 28 is now more strongly supported than rearranged edge 48 (compare to inset 5A), and a high level of confidence is assigned to the now optimal edge 28. Similarly, edge 3 (grouping walrus plus harbor seal) is selected over edge 6 1 with a moderate level of confidence. Edges 28 and 3 refer to the changes in the optimal tree topology (versus the optimal tree in inset 5A) as described immediately above.
Inclusion of Additional Taxa into Phylogenetic Analyses
In the various analyses of the initial group of taxa, the bear lineage tended to oscillate between grouping either with the pinnipeds or the other carnivore taxa (e.g., the bear lineage as a sister taxon to the dog lineage; see fig. 2 fig. 3 , solid bars (both support and conflict) indicate the splits that have been selected for inclusion in the optimal tree. Bars above the X-axis represent frequency of support for each split. Bars below the X-axis represent the sum of all conflicts against the corresponding split. Normalization was performed as described for figure 3. The final consensus tree returned from parsimony, neighbor-joining, and closest tree analyses is shown in the inset. The internal edges of the consensus tree and their corresponding splits in the spectrum have been lettered a-l to facilitate their location in the spectrum. These letters do not necessarily correspond to the splits referenced by letters in figures 2 and 3 and table 5. The extra two solid splits indicate the resolution of the bear, raccoon, red panda tricotomy in the optimal tree chosen after the application of the LogDet correction and closest tree selection criterion to the final DNA sequence dataset. The asterisks indicate the three highest ranking splits supporting diphyly. The subsets they represent are in order of rank: the phocids, the mustelids (otter and ferret), dog and raccoon; the phocids, the mustelids, and dog; and the harbor seal and the walrus. The split grouping all four phosids and the mustelids to the exclusion of all other taxa in the analysis is ranked 78th in this spectrum.
12s rRNA sequence data from both the red panda (Ailurus fulgens) and the raccoon (Procyon lotor) to test this prediction.
Although the walrus lineage generally appears to fall within the pinniped clade, its precise position was unclear using the original data set of 10 taxa (insets 3A and 3B). The only other rodobenid species is the Atlantic walrus (Odobenus rosmarus rosmarus), a sister subspecies to the Pacific walrus ( 0. rosmarus divergens). Inclusion of this taxon would merely represent a twig on the walrus branch and not help identify the closest living relative of the walrus. choerus grypus) and two monachines: the Weddell seal (Leptonychotes weddelli) and the Hawaiian monk seal (Monachus schaunislandii). The Hawaiian monk seal is thought to be the most ancient of the living phocids because it retains more ancestral osteological characters of any monachine, living or fossil (Repenning and Ray 1977 ) . Two additional otariids were included to bisect the branch leading to the otariids found in the initial analyses. These are the Steller sea lion (Eumetopias jubatus) and the Northern fur seal (CaZlorhinus ursinus).
Final Phylogenetic Analyses
The single phocid used in the initial data set, the The spectrum generated from the combined cytoharbor seal (Phoca vitulina), also represents a long, un-chrome b and 12s rRNA data set expanded to include branched edge of the tree relative to the short internal data from the seven additional taxa is presented in figure edges leading to the rest of the pinnipeds. To reduce the 6. With 17 taxa, there are 2 "-I, or 65,536, possible splits. "long edges attract" problem, it was thought desirable HadTree returned 366 splits for which there is evidence to include extra phocid and otariid taxa. To broaden greater than zero in the data. The first 66 of these are the evolutionary range of phocids represented in the tree, shown in the spectrum. Seventeen splits represent sinwe selected a second phocine seal, the gray seal (Haligleton changes, and one split accounts for constant col-umns. The remaining 65,152 splits have support values of zero.
Results from the initial analyses of 10 taxa suggested that differential weighting schemes and the presence of unvaried sites did not alter optimal trees returned by any of the tree selection criteria. These steps are not taken in final analyses of the 17 taxa. It appears, however, that nucleotide composition of the sequences does contribute to misleading signals in the spectrum. Because the LogDet correction produced a spectrum with less noise overall and higher rankings of the splits included in the optimal tree in analyses of the original 10 taxa, we have used the LogDet correction (instead of the Cavender correction) in the final tree constructions.
The consensus optimal tree returned from parsimony, neighbor-joining, and closest tree analyses (inset to fig. 6 ) again supports a monophyletic origin for the pinnipeds grouping the eared seals (otariids), true seals (phocids), and walrus in a single clade. The signals for a diphyletic origin (i.e., any combination of the phocids grouping with the mustelids; indicated by asterisks in fig. 6 ) have relatively low support values and high conflict values. The three highest-ranking splits supporting a diphyletic origin for the pinnipeds group the phocids and mustelid (otter and ferret ) with either the dog and/or the raccoon. The single split grouping the phocids and the mustelids to the exclusion of all other taxa is ranked 78th in this spectrum.
The consensus optimal tree supports the family structure of the phocids. The phocines (gray seal and harbor seal) are sister taxa as are the monachines (monk seal and Weddell seal). The family structure of the eared seals, however, is not upheld. The arctocephalines (New Zealand fur seals and the Northern fur seal) are separated from each other by the two sea lion lineages (otarines), and the two sea lions are no more closely related to each other than they are to the other otariid taxa (i.e., the arctocephalines) .
Other transformations and selection criteria give only slightly different results. Trees generated by the neighbor-joining (with LogDet correction) and the uncorrected parsimony methods are identical to the optimal LogDet closest tree except they collapse the edge grouping the monk and Weddell seals (edge h in the inset of fig. 6 ), which indicates that of the two monachines, the monk seal is a more basal divergence within the phocid group. The optimal neighbor-joining tree produced using the Jukes-Cantor correction has one independent difference from the optimal LogDet closest tree: the separation of the bear and raccoon into separate lineages branching from the main trunk.
The placement of the walrus has been stabilized by the addition of the raccoon and red panda sequences.
In all optimal trees generated in the final analyses, the walrus is placed as an early divergence between the eared seal and true seal taxa. In neighbor-joining and parsimony trees the walrus is placed in the same clade as the eared seals, and bootstrap values for this edge are moderately high (73% in neighbor-joining trees, 65% in parsimony trees; 1,000 heuristic bootstrap replications performed in each analysis; data not shown). In the LogDet closest tree, the edge weight (the probability of change along the edge) separating the walrus from the eared seals is three times greater than that for the edge separating the walrus from the true seals. This is shown by proportionally drawn edges in figure 6 . The actual edge weights of these particular edges are 0.02 11 versus 0.0066, respectively.
The LogDet closest tree reveals that the red panda, raccoon, bear, and walrus lineages represent extremely long pendant edges relative to the other taxa in the tree. The edge weights for these pendant edges are 0.1040, 0.0930, 0.0830, and 0.10 10, respectively. The mobility of the bear and raccoon lineages also indicates the relative length of these edges. However, these long, unbranched pendant edges do not affect general strong support for the monophyletic origin for the pinnipeds or the placement of the walrus within the pinniped clade.
Discussion
In this article, we have presented an approach to phylogenetic analysis that includes the use of structural models to align DNA sequence data and incorporates a new method called spectral analysis for examining DNA sequence data for the purpose of reconstructing phylogenetic relationships. In the final phase of this approach, analyses are refined by accounting for known sources of error and testing assumptions made in certain analytical steps for their biological appropriateness. We have used a well-studied yet still debated biological example, the evolutionary origin(s) of the pinnipeds, to illustrate the properties and unique features of spectral analysis and to further develop the use of spectral analysis in phylogenetic reconstruction.
In applying spectral analysis to a DNA sequence data set, we advocate testing multiple hypotheses by quantifying both support for and conflict against definitive signals in the data. This approach requires not merely examining an optimal tree yielded by a computer program but returning to the sequence data themselves to look for strongly supported alternative hypotheses. Spectral analysis can extract the range of hypotheses that exist in a set of DNA sequence data and demonstrate how well supported they are. Spectral analysis also provides qualitative and quantitative information on how strongly each hypothesis is contradicted.
An additional, yet often overlooked, requirement for any properly thorough phylogenetic study is to examine the assumptions made at each step of the analysis and to determine their appropriateness for the data set under analysis. The overall approach we have taken in this study, including alignment based on secondary structure and testing the biological assumptions made at various steps in the analysis, is thought to provide a more accurate picture of true phylogenetic signal versus noise generated by systematic error in the analytic treatments.
Sequence Alignment According to Structure and Biological Function
It has been shown that the secondary structure and/ or biological function of molecules encoded by DNA sequence confers differential evolutionary constraints on nucleotide positions of that sequence (Irwin et al. 199 1; Vawter and Brown 1993) . Thus, where a known or putative secondary structure exists, it should be taken into consideration for alignment purposes. A secondary structure model (R. E. Hickson, C. Simon, A. J. Cooper, G. Spicer, J. Sullivan, and D. Penny, unpublished data) has been used to align the 12s rRNA gene sequences and regions of ambiguous alignment omitted from phylogenetic analyses. We consider this approach to alignment of noncoding gene regions superior to "blind" gap weight alignment programs (e.g., see Feng and Doolittle 1987; Higgins and Sharp 1989; Hein 1990; Wheeler and Gladstein 1992) . Such programs are capable of producing a reasonable alignment but often one that can be improved by reference to a secondary structure model (R. E. Hickson, C. Simon, A. J. Cooper, G. Spicer, J. Sullivan, and D. Penny, unpublished data) . We agree that the presence of insertion and/or deletions (indels) can themselves be phylogenetically informative characters, but until an objective and biologically reasonable way to determine the proper alignment of indels is developed, it is more conservative to remove nucleotides of ambiguous alignment from phylogenetic analyses.
Spectral Analysis
Spectral analysis is an extremely useful tool for phylogenetic inference because it allows a direct assessment of phylogenetic signals in the sequence data. Spectral analysis categorizes and quantifies all information in the data independent of the selection of an optimal tree. It does not merely return information on support for some optimal arrangement of taxa as in a bootstrap analysis but qualitatively and quantitatively identifies signals that directly contradict each potential edge in an optimal tree.
To provide a point of reference, we have attempted to correlate spectral signals with bootstrap values. We Though it is not unique in this respect, spectral analysis can facilitate returning to the data to review a controversial hypothesis in light of the secondary structure and/or biological function of the molecule encoded by the DNA sequence. The value of this property is illustrated with regard to the placement of the walrus. Examination of the aligned sequences shows that the walrus and the harbor seal (but not the other phocid seals) share one compensatory nucleotide change in a stem region of the 12s rRNA, which would support placing the walrus closer to the phocids. Conversely, the walrus shares several cytochrome b first and second codon position changes with all the otariids. Overall, there is slightly more support for placing the walrus with the otariids rather than the phocids, but given the biological significance of a compensatory change in the 12s rRNA, the alternative grouping should not be ruled out.
A unique feature of spectral analysis is that it provides a graphic display of noise in the data set. Sources of noise can also be pinpointed and quantified independently for parts of the tree. In this manner, spectral analysis allows a refined approach to examining noise and examining support for alternative hypotheses simultaneously. Figure 5 quantifies support for all three possible arrangements of taxa about each internal edge of the tree. For some edges there is clear support for one arrangement and relatively little or no support for the others (e.g., edge 192). For other edges, there is enough support for more than one alternative (e.g., edge 6 1 in fig. 5A ) to reduce the level of confidence in the "optimal" tree arrangement.
Enhancing the Signal via Weighting Schemes
It has been shown that mtDNA sequences exhibit transition-to-transversion acquisition bias (Brown et al. 1982) . It follows that an observation of two taxa that share a particular transversion is more suggestive of a shared phylogenetic history than finding that they share a transition. Consequently, weighting phylogenetically more significant events (transversions) higher than other, less significant events (transitions ) may be a way to enhance signal-to-noise ratios in DNA sequence data. However, the presence of transversions is not always an indication of phylogenetic history. In this data set of mtDNA sequences from pinnipeds and related carnivores, many transversions are singleton changes. It serves no purpose to add weight to singletons. Further, in the 12s rRNA data set, several transversions are clustered and occur in unpaired regions and in sites known to be hypervariable (i.e., sites at which all four nucleotides occur). It is reasonable to conclude that for this data set weighting transversions may actually increase noise in attempting to increase what may be, at best, only equivocal signals. In fact, application of transversion-to-transition weights of two and four in phylogenetic analyses using closest tree, parsimony, and neighbor-joining tree selection criteria resulted in optimal trees identical to those trees generated in the corresponding unweighted analyses.
In analyses of protein-coding genes, differential weighting of substitutions between the codon positions based on observed frequencies of replacement in each codon position is not sensible because it leads to serious underestimates of the actual rates of change. To accurately estimate rates of change among codon positions (even for noncoding DNA sequences) requires, in the first instance, a transformation that corrects observed data for unobserved changes. In addition, not all sites in a molecule are free to vary. The presence of invariant sites must be accounted for and removed from substitution rate calculations and weighting schemes. Since constant sites differ between different taxa and between genes, the estimate of the number of constant sites depends on which taxa are included in a given alignment; moreover, this estimate may not be constant for all of the aligned taxa. The number of constant sites is an extremely complex parameter to estimate, and, to date, there is no established algorithm either empirically derived or tested by simulation available to estimate constant sites. In short, applying a weighting scheme based simply on the observed frequencies of change among codon positions is a severe oversimplification of the problem. It is notable, however, that closest tree analyses of this cytochrome b data weighted using the empirically derived values (Amason et al. 1993) could not fully resolve an optimal tree. This is the same result as returned in unweighted closest tree analyses, and the splits supported in both runs are the same.
Testing Assumptions and Accounting for Errors Sampling Error
Bootstrap analysis is still an acceptable method of detecting sampling error in DNA sequences. If DNA sequences are short and/or contain too few phylogenetically informative sites, bootstrap values at the nodes of the consensus tree will be consistently low and replicate bootstrap analyses may return different consensus topologies. Neither of these negative results were returned in any of the bootstrap analyses performed in this study. It is apparent, then, that the lengths of the sequences used here are sufficiently long as to avoid effects owing to sampling error.
The Presence of Invariant Sites
All the correction methods for unobserved changes used in this study assume that all sites are free to vao and that they vary at the same rate (i.e., an independent and identical distribution or "i.i.d." assumption). It iI known, however, that this assumption is violated in real DNA sequence data ( Lockhart et al. 1994) . The question we raise is, Does the violation of this assumption cause noise that obscures the tree? Are we consequently undercorrecting data and missing sites that support one hypothesis and obscure another? To examine these questions, we tested for the effect of constant sites on correction transformations by removing a number ol constant sites and reanalyzing the data. The results ol this exercise showed that the relative rankings of the splits in the spectra and the optimal tree selected are noi changed. Further, the frequency of support for key split: in the spectrum did not markedly decrease, which indicates that the presence of invariants in the original data has not led to an undercorrection and, therefore. is not likely to have affected the selection of the optimal tree.
The Final Phylogenetic Analysis: A Pinniped Phylogeny
The fact that the all three selection criteria shou the same origin for the pinnipeds suggests that for thi! mtDNA sequence data set for the pinnipeds and related carnivores, there is a single solution, and that solution a monophyletic origin for the pinniped among the can iform carnivores, is the correct answer. This fact alsc lends additional support for the validity of trees gener ated using only 10 of the taxa.
That the two sea lion taxa have grouped togethel with the arctocephaline fur seals to the exclusion of the Northern fur seal (split d, fig. 6 ) is suggestive of para. phyly within the otarine seals. This suggestion is no1 surprising considering that only a single diagnostic mar phological character (the presence of underhair) sepa. rates the fur seals from the sea lions (Repenning et al 197 1) . The evolution of this character trait is not phys iologically complex and may in fact have evolved mart than once among this group. In fact, genetic evidence of more than one appearance of underhair is supportec by a study of three mtDNA genes in an extended survey of otarine taxa (G. M. Lento, unpublished data) .
The identity of the closest arctoid carnivore relative to the pinnipeds is unresolved. This is simply a result o the use of single taxa to represent the other arctoid car nivore families (procyonid, ursid, and the red panda which may represent a monotypic subfamily [ Vrana et al. 19941) . The significant genetic distance of these taxa from the pinnipeds is manifested in three long, unbranched edges in the final phylogenetic analyses (fig.  6 ). The consensus tree from these analyses represents these three taxa in a trichotomy diverging sometime before the pinnipeds but after the mustelids (otter and ferret). Focusing on the resolution of this node of the tree would require further studies, perhaps including more bears, more procyonids, the giant panda, and only a few pinnipeds.
The position of the walrus is now firmly placed as an early divergence between the eared seals and the true seals; however, there remains some ambiguity as to which seal group is most closely related to the walrus. Though the adjacent long edges of the harbor seal and the walrus have been interrupted and better resolved by including additional phocids, the walrus lineage itself continues to represent a relatively long, unbranched edge. Interrupting this branch with another lineage is probably the only way to completely resolve the walrus's placement within the pinnipeds. However, given the long edge to the walrus lineage, it is unlikely that the amount of intraspecific variation among the walrus subspecies will aid in bisecting the long branch of the walrus lineage. This is a topic interesting in its own right that should be examined. Alternatively, a more narrowly focused phylogenetic study including several eared seals and true seals and the walrus may be of some use to this end.
Analyses of the separate genes give conflicting evidence ( fig. 2 ) . The final analyses partially resolve this conflict but also fail to give a clear solution. At this point it is prudent to return to the sequence data and reevaluate the individual sites from which the conflicting signals are generated. In the 12s rRNA sequence data, the most significant substitution is a compensatory change in a conservative stem region that the walrus shares with the harbor seal alone. Other substitutions shared between the walrus and both seal groups are in more degenerate third codon positions or hypervariable or loop regions of the 12s rRNA gene and are more likely than other substitutions to be due to chance substitutions rather than common phylogenetic history. The biologically significant sites tend to support the placement of the walrus with the eared seals. However, the most conservative interpretation of the evidence is to relegate the walrus to a separate, but not the first, divergence point from the common ancestor to all the pinnipeds.
The key features of the final tree ( fig. 6 ) are ( 1) that the pinnipeds form a single monophyletic clade, (2) that the monachine and phocine seals are independent groups, (3) that the monk seal is basal to the rest of the phocids in this analysis, and (4) that the walrus is not the first divergence from the common pinniped ancestor (Enaliarctos spp). These findings are consistent with current theories of pinniped biogeography and evolution (Costa 1993 , based on consideration of pinniped energetics; Wyss 1987 Wyss , 1988 , and Berta 199 1, based on morphology), fossil record data (Repenning et al. 1979) , and with other biomolecular studies (Sarich 1969a (Sarich , 1969b Vrana et al. 1994) . There is no consensus regarding the divergence of the walrus among these studies. Current pinniped evolutionary theories based on energetics and morphology further suggest that the otariids diverged from an Enaliarctine ancestor first, followed by the phocid radiation. The final tree in this study does not resolve this latter fine point. We predict that a study of much longer DNA sequences from a narrower range of taxa (i.e., the walrus, a few representative otariids and phocids, and just one arctoid carnivore, perhaps a bear, as an outgroup) may help clarify the order of divergence among the pinniped families.
Direct evidence against a diphyletic origin for the pinnipeds is strong. High bootstrap values for edges a and b ( fig. 2 and table 5) indicate that the otter and ferret are sequestered from other taxa in nearly all bootstrap trees. For the mustelid lineages to infiltrate the pinniped clade, or more importantly, for the phocid lineage to be associated with the mustelids, these taxa would have to be forced to cross two well-supported nodes in the optimal tree. The inclusion of seven additional taxa in the analyses appears to stabilize selected parts of the optimal tree, namely the position of the walrus within the pinniped group and the placement of the bear outside the pinniped group. It is important to note that simply adding more taxa to a phylogenetic analysis may stabilize parts of the tree while creating instability in other, previously stable parts of the tree. Further, it should be clear that adding more taxa may not be the correct approach to resolve an ambiguous tree. A phylogenetic tree can be viewed as a means to investigate support for certain hypotheses and to obtain a measure of confidence for those hypotheses without having to resolve the tree to the point of full bifurcation for every taxon.
Finally, these sequences appear to be long enough and informative enough to resolve a divergence thought to have occurred 27 Mya (Enaliarctos), but they may be inadequate for resolving divergences beyond 37-40 Mya (canid/ursid split) (Wayne et al. 199 1) . However, it appears that the presence of long unbranched edges, rather than insufficiently long sequences or incorrect tree reconstruction methods, is the biggest problem in the analysis of this pinniped /carnivore mtDNA sequence data set.
